Tissue engineering is an emerging field in biomedicine, holding enormous promise for regenerative medicine. Scaffolds, within which cells proliferate, are a controlling factor in tissue engineering applications. Upon fabrication, tissue scaffolds must undergo appropriate sterilization to eliminate contaminants. Current sterilization methods are either costly, time consuming, or ineffective. In this study, a quaternary salt, benzalkonium chloride (BAC), was used as a chemical agent for sterilization of nonwoven polyethylene terephthalate (PET) fibers and polylactic acid nanofibers. Treating the PET scaffolds with 0.1% (w/v) BAC for only 2 minutes was effective to eliminate bacterial contaminants in the fibrous matrices. In addition, astrocyte cells were successfully cultured in the PET scaffolds following BAC sterilization, demonstrating the suitability of BAC as a sterilization agent. This chemical sterilization method is also mild and nonabrasive to nanostructured materials such as electrospun polylactic acid nanofibers.
INTRODUCTION
In tissue engineering, scaffolding materials play a pivotal role and dictate the success of the system. Many polymeric materials, both nature and synthetic, have been used as tissue scaffolds in various tissue engineering applications [1] . Particularly, porous fibrous materials are widely used as support matrices and tissue scaffolds in cell cultures and tissue engineering [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Prior to use, the scaffolding materials must be properly sterilized to ensure the hygiene of the scaffold. Failure to removal of all contaminating microorganisms can impede the function of seeded cells and result in infections inside the patient body.
Several sterilization media are available for tissue engineering applications: dry heat, steam, gases, irradiation, and chemicals. In general, dry heat cannot penetrate porous scaffolds very effectively. On the other hand, steam has better heat penetration but can easily damage, destroy, or change the properties of the scaffolds, especially those made of biodegradable polymers, such as poly-lactic acid, and those with nanoscale structures, such as nanofibers. Gamma irradiation, which is used in sterilizing heat-sensitive materials in hospitals and the food industry, is relatively expensive and not widely available in most research laboratories. Another sterilization method is using potent chemicals, either gaseous (such as ozone and ethylene oxide) or liquid (such as ethanol, sodium hypochloride (bleach), formaldehyde, hydrogen peroxide, peracetic acid, and quaternary ammonium) [12, 13] . However, not all chemicals are effective or suitable for sterilizing tissue scaffolds. In this work, a novel chemical sterilization method using benzalkonium chloride, also known as BAC [14] , was studied. BAC, a quaternary ammonium salt, is a wide-spectrum biocide that has also been used as a deodorant and sanitizer [15] . BAC can disrupt intermolecular interactions crucial to cellular membrane lipid bilayers, which can cause the leakage of cellular contents and interrupt the permeability control of the cells. BAC also can kill cells through DNA disruption [16] . Although not widely used in scaffold sterilization, it has found wide applications in water treatment, hospitals, hand sanitizers, pharmaceuticals [17 and references therein], dairy and food processing plants, swimming pools, the paper industry, poultry and animal husbandry, aquaculture, and the sugar industry. Furthermore, this rapid acting, water-soluble, and strong electrolyte is nontoxic, highly stable, biodegradable, and economical [18 and references therein].
Substantial research has been conducted on BAC, but never as a scaffold sterilization agent [19] [20] [21] . Imbert et al. (2003) applied benzalkonium chloride as the plastic treatment agent to control the adherence of Candida albicans on the surface [22] . However, they did not assess the biocidal activity of the BAC solution for sterilization of tissue engineering scaffolds. Additionally, they proposed that the contamination of medical prostheses can be avoided simply by controlling fungal adherence, such as the adherence of C. albicans.
The goal of this study was to evaluate the effectiveness and suitability of benzalkonium chloride as a sterilization agent for treating needle-punched nonwoven polyethylene terephthalate (PET) scaffolds and the cytotoxicity of BAC on astrocyte cell cultures. PET fibrous matrices are economical, chemically and thermally stable, highly porous and interconnected, and have been widely used for culturing various mammaliam cells [23, 24] , including human trophoblast [24] [25] [26] , osteosarcoma [27] , murine embryonic stem cells [28] , and astrocytes [29] . Astrocytes play a significant role in the central nervous system. It has been previously suggested that astrocytes cultured in PET scaffolds could provide a transplantable cell therapy platform for treating the Parkinson's disease [29] . In this work, long-term astrocyte cultures in PET scaffolds were demonstrated to confirm the suitability and effectiveness of the BAC sterilization method.
MATERIALS AND METHODS

Materials
Benzalkonium chloride (BAC) was purchased from Aldrich (Milwaukee, MI) and used as received. BAC solutions with various concentrations (0.1 μ/L to 1 g/L) were prepared by dissolving the appropriate amounts of BAC in deionized (DI) water and then filtered with a 0.2-μm filter before use. Needle-punched nonwoven polyethylene terephthalate (PET) fabrics (fiber diameter, ~20 μm; fiber density, 1.35 g/cm 3 ) were used as cell culture scaffolds.
Electrospun polylactic acid (PLA) nanofibrous matrices were prepared by dissolving 4 wt% of lactide in a 2:1 mixture of dichloromethane and trifluoroacetic acid and stirring at room temp for approximately 4 hours until completely dissolved. The solution was then poured into a syringe with a blunt tip stainless steal needle and loaded into a syringe pump set to 16 mL/h. A high voltage power supply was set to 22 kV and a deposition surface of aluminum foil was placed 20 cm from the needle tip. The resulting nanofibers have a diameter of approximately 600 nm.
Cell Cultures
Human astrocytoma cells CCF-STTGI (ATCC: CRL 1718) were grown in Dulbelco's Modified Eagle Medium (DMEM) with high glucose, L-glutamine, 110 mg/L sodium pyruvate and pyridoxine hydrochloride (Caisson Laboratories, Inc.). Unless otherwise noted, DMEM was supplemented with 10% (v/v) fetal bovine serum (Gibco) before use and the culture was incubated in a 5% CO 2 incubator at 37 o C. The cultures were maintained by changing the culture medium every three days and were subcultured whenever the cell density reached 90% confluence.
To demonstrate the effectiveness and suitability of BAC sterilization, PET scaffolds, after treated with 1 g/L BAC for 2 minutes and washing with sterile deionized water, were seeded with astrocyte cells (10 5 cells per well) and incubated for 13 days. The culture media were refreshed on day 8. Positive controls were carried out by culturing the cells in PET scaffolds sterilized by autoclaving. Cell growth activity was followed by monitoring the concentrations of lactic acid and glucose in the culture media.
BAC Sterilization of PET Scaffolds
Fibrous PET scaffolds were used to assess the effectiveness of BAC as a sterilization agent. The PET scaffolds were cut into a disk shape (1 cm diameter) and were placed into a 24-well tissue culture plate. One mL of 1 g/L BAC or sterile distilled water (negative control) was added to each well on the plate. After 1 minute, some of the BAC-treated scaffolds were washed with sterile distilled water to remove BAC. Then, 1 mL of Dulbelco's Modified Eagle Medium was added to each well and the plate was incubated at 37 o C overnight to observe the growth of possible contaminants.
To assess the presence of microbial growth, the turbidity of the supernatant medium was analyzed by measuring the optical density at 600 nm.
The Toxicity Effect of BAC on Astrocyte Culture
The cytotoxicity of BAC on astrocyte cell cultures was evaluated by assessing the metabolic activity of astrocytes at a wide range of BAC concentration levels from 0.1 μg/L to 100 mg/L with 10 increment. The experiment was carried out in a 24-well tissue culture plate. Each well containing one mL of DMEM and various amounts of BAC was inoculated with 10 5 cells and incubated for 5 days. The metabolic activities of the cultures were monitored by analyzing the lactic acid and glucose concentrations in the culture media on daily basis. Briefly, 0.1 mL of the culture medium was taken from each well and then 0.1 mL of fresh medium was added to maintain a constant liquid volume in the well.
BAC Sterilization of PLA Nanofibers
Electrospun polylactic acid (PLA) nanofibers were used to evaluate possible effects of various sterilization methods on the nanostructures of the nanomaterials. The PLA nanofibers were either autoclaved at 121˚C for 15 minutes, soaked in 70% (v/v) ethanol for 1 hour, or treated with 1 g/L BAC for 2 minutes. The treated nanofibers were than air dried and observed under a scanning electron microscope (SEM) to study possible structural changes caused by these sterilization treatments.
Analytical Methods
The glucose and lactic acid concentrations in the culture media were monitored using a glucose analyzer (Yellow Spring Instruments, OH). The media were centrifuged and the supernatant was then tested for glucose and lactic acid concentrations. The concentrations of the microorganisms in the culture media were quantified by measuring the optical density (OD) at 600 nm wavelength using a UV-vis spectrophotometer (Model 340, Sequoia-Turner).
Statistical Analysis
Unless otherwise noted, all experiments were triplicated (n = 3) and representative data with statistical significance are reported. Numerical data were analyzed using standard analysis of variance (ANOVA) techniques (using JMP®); statistical significance was considered at p < 0.05.
RESULTS AND DISCUSSION
BAC Sterilization of PET Scaffolds
The effectiveness of BAC as a sterilization agent for treating PET scaffolds was demonstrated in the experiments shown in Fig. (1A) . After overnight incubation in DMEM, PET scaffolds treated by washing with filter-sterilized distilled water showed a significantly higher average optical density than the control (p-value < 0.04), indicating the presence of microbial contamination. About 80% contamination rate was observed with scaffolds not sterilized or treated with BAC. On the other hand, the average OD reading of the culture media containing washed PET scaffolds after BAC treatment was almost identical to that of the control (p-value = 0.97), implying no microbial contamination. The OD read-ings of the culture media containing BAC treated scaffolds (without washing) were slightly higher than that of the control (p-value = 0.86), indicating possible interference of BAC with some medium components. These results confirmed that only one minute treatment with 1 g/L BAC solution was effective in achieving the sterility of the PET scaffolds.
The robustness and efficacy of BAC in killing potential contaminants was further studied with PET scaffolds deliberately contaminated with Bacillus sp. As shown in Fig.  (1B) , a short treatment of 2 minutes with 1 g/L BAC was effective to kill the bacteria in the bacteria-soaked scaffolds, seen by the low OD reading (compared to the DI water treated scaffolds). The slightly higher OD reading compared to the control was attributed to the dead bacterial cells detached from the scaffolds.
Cytotoxicity Effect of BAC
Because of the presence of pores within the PET scaffolds, treating the scaffolds with BAC can also result in the accumulation of residual BAC inside the scaffolds. Although complete removal of this residual is almost impossible, properly washing the scaffolds with water can dilute the BAC concentration in the scaffolds. It is thus of interest to study the cytotoxicity effect of BAC at various concentration levels. In the experiment, cell metabolic activity, as indicated by changes in the lactic acid concentration in the media, were used to assess the cytotoxicity of BAC on astrocyte cultures. Previous study has established a strong correlation between lactic acid production and the number of viable cells in the culture medium [30] . Fig. (2A) shows the kinetics of lactic acid production in the astrocyte cultures. As can be seen in Fig. (2A) , no significant lactic acid production was observed in the culture media containing 1 mg/L or a higher concentration of BAC (p-value < 0.0001, compared to the control), suggesting that 1 mg/L was a detrimental concentration for astrocytes. On the other hand, at a BAC concentration of 100 ppb or lower, the lactic acid production was comparable to that of the control (without BAC). It thus can be concluded that BAC at low concentrations (<100 μg/L) is not toxic to cells. This finding is consistent with the study conducted by Deutchle et al. whose study concluded that BAC exhibited no cytotoxic effect at 20 mg/L [31] . Although BAC was shown to be toxic to cells from 50 to 100 mg/L, it lost its toxicity at the critical micelle concentration (CMC), which was found to be 200 mg/L [31] . It is unclear, however, why the micelle formation would diminish the toxicity level and how cells would respond to that. Similar finding with marine diatoms was also reported [32] .
The presence of serum proteins and other serum components and ions in the culture medium can react and thus neutralize the BAC salt, resulting in the lack of observable toxicity on the astrocyte cells. To evaluate the possible effect of serum on the observed cytotoxicity level of BAC, similar experiments were conducted in serum-free media and the results are shown in Fig. (2B) . As expected, the metabolic activity of astrocytes was lower in the absence of serum, indicated by the lower levels of lactic acid concentration in the medium. However, the presence of BAC at a low concentration between 0.1 and 100 μg/L did not significantly inhibit cell metabolism, although it did show a more notable negative effect on cell metabolic rate or lactic acid production rate in the serum-free media (p-value > 0.05). This result suggests that washing the scaffolds with sterile water after BAC sterilization is required in order to reduce the residual BAC concentration down to a non-toxic level.
It should be noted that Kummerer et al. have demonstrated that BAC is degradable after a period of time in solution [18] . Although BAC can potentially be toxic to cells [33] , once degraded and neutralized, it has no toxic effect on cell culture, as shown by Garcia et al. (2002) working with myenteric neurons of Wistar rats [34] .
Astrocyte Cultures in BAC Sterilized PET Scaffolds
The effectiveness of BAC sterilization followed with washing the scaffolds to eliminate the detrimental effect of residual BAC was assessed with astrocyte cultures in PET scaffolds. Fig. (3) shows the production of lactic acid in astrocyte cultures, indicating healthy cell growth of astrocytes A B Fig. (1) . The turbidity or optical density (OD) of DMEM after incubating with PET scaffolds treated with BAC, BAC + washing, or washing only (A) and with PET scaffolds presoaked in Bacillus subtilis suspension followed with treatment with 1 g/L BAC for 2 minutes or washing with DI water (B). DMEM without the PET scaffold was used as the control. Note the higher optical density observed for DMEM with PET scaffolds treated with only washing suggested the presence of contaminating microorganisms. A p-value of <0.05 indicates a significant difference between the pair as indicated. Average values of triplicates are reported with error bars representing the standard deviation. in BAC-sterilized PET scaffolds. The lactic acid production kinetics of this culture was similar to that of control, which grown in autoclaved scaffolds (p-value > 0.05). Notable differences were found in only three time points: 6 days (pvalue = 0.046), 10 days (p-value = 0.028) and 11.5 days (pvalue = 0.046), which are weak grounds for rejecting the null. It is noted that the production of lactic acid is strongly correlated to cell growth during the exponential growth phase. Therefore, it can be concluded that the growth of astrocyte on scaffolds sterilized by 1 g/L BAC, followed by proper washing, is not significantly different from that on autoclaved scaffolds. On the other hand, no growth was observed on the BAC-treated scaffolds without washing, indicating that proper washing is required.
Applications in Nanostructured Materials
Recently, progress in the area of nanobiotechnology has provided numerous ways to produce nanotextured biomaterials. These polymeric nanostructured biomaterials can lose nanotopography when subjected to ethanol, gamma or heat sterilization [35] [36] . On the other hand, sterilization using detergent can be harmful for cell growth. Sterilization time is another disadvantage of heat, ethanol or irradiation sterilization. Typical heat sterilization requires up to 30 minutes, whereas irradiation and ethanol sterilizations usually require several hours. In a recent study, it was also demonstrated that UV-ozone and ethylene oxide treatments damaged the sur- A faster, more reliable, and noninvasive sterilization method is preferred, and therefore, BAC sterilization was tested on mechanically delicate nanofibrous PLA to demonstrate its potential applications in this field. The microstructures of the PLA nanofibers before and after sterilization by various methods are shown in Fig. (4) . Treatment with the BAC solution at 1 g/L was demonstrated to be a rapid and non-invasive way to sterilize the nanofibers while preserving the nanostructures of the nanofibers (Fig. 4B) . In contrast, polylactic acid nanofibers shrank and hardened, and their nanosized features were largely destroyed by heat treatment (Fig. 4C) , whereas ethanol treatment also altered the microscopic structures of the nanofibers (Fig. 4D) . Clearly, BAC sterilization is a conducive method for treating nanomaterials without altering their structural features.
CONCLUSION
The sterilization of biomaterials, either natural or synthetic, is important in tissue engineering and cell cultures. The current sterilization techniques are either impractical or harmful, if not ineffective, to be used for tissue scaffolds. Aside from being time consuming, sterilization using 70% ethanol is not effective. On the other hand, polymeric nanostructured biomaterials can lose their nanotopography when subjected to ethanol, UV, or heat sterilization. Sterilization using detergents is harmful for cell growth. In addition to the relatively short treatment time compared to those of other sterilization methods, BAC sterilization does not disrupt the textures of nanostructured substrates. This study demonstrated a fast, potent, and effective way to sterilize fibrous PET scaffolds for tissue engineering applications. Although BAC was assessed as a cost-effective and time-saving alternative for sterilization in this work, further studies need to be conducted with other mammalian cells that are more commonly used in tissue engineering in order to validate the general applicability of this BAC sterilization method. 
